Motivated by the tensions in the Hubble constant H0 and the structure growth σ8 between Planck results and other low redshift measurements, we discuss some cosmological effects of a dark sector model in which dark matter (DM) interacts with fermionic dark radiation (DR) through a light gauge boson (dark photon). Such kind of models are very generic in particle physics with a dark sector with dark gauge symmetries. The effective number of neutrinos is increased by δN eff ∼ 0.5 due to light dark photon and fermionic DR, thereby resolving the conflicts in H0. The elastic scattering between DM and DR induces suppression for DM's density perturbation, but without acoustic oscillations. For weakly-interacting DM around 100GeV, the new gauge coupling should be ∼ 10 −4 to have sizable effect on matter power spectrum in order to relax the tension in σ8.
INTRODUCTION
It has been established that about 83% of matter content (Ω m = 0.3065 ± 0.0072) [1] in our universe is composed of dark matter (DM). The standard cold DM (CDM) together with cosmological constant Λ, ΛCDM model, is very compelling and convincing to explain our current observations. Despite of this remarkable success, we are still struggling to disentangle the particle identities of DM since all the confirmed evidence for DM come from gravitational interaction of DM. Any unexpected signatures in astrophysics, cosmology and particle physics may help us to better understand particle physics nature of DM.
Meanwhile, there are still some persistent tensions in the measurement of the Hubble constant H 0 and the structure growth rate σ 8 (the amplitude of matter fluctuations at scale around 8 Mpc). The latest analysis [2] of Hubble Space Telescope (HST) data gives H 0 = 73.24 ± 1.74km s −1 Mpc −1 , which is about 3.4σ higher than the value given by Planck [1] within the ΛCDM model. Also, Planck data yields σ 8 = 0.815 ± 0.009 which is relatively larger than the low redshift measurements, such as weak lensing survey CFHTLenS [3] , σ 8 (Ω m /0. 27) 0.46 = 0.774 ± 0.040. The above tensions could be due to systematic uncertainties, or they may indicate new physics model beyond the standard ΛCDM. For example, increasing the effective number of neutrinos by δN eff 0.4 − 1 with dark radiation (DR) could resolve the conflict between Planck and HST data [2] , which, however, unfortunately would give an even larger σ 8 . Or it is possible to extend the six-parameter ΛCDM with varying dark energy, dark matter, neutrino mass, running spectral index, and so on [4] [5] [6] [7] [8] [9] [10] , to relax these tensions in H 0 and σ 8 .
In this letter, we shall explore a dark sector model in which DM interacts with DR through light dark photon and address the above issues. The interaction between DM and DR causes a suppression of the matter power spectrum through diffusion or collisional damping which can give a smaller σ 8 . Also the natural presence of DR would relieve the tension between HST and Planck.
This paper is organized as following. Firstly, we shall introduce our model setup with the conventions and the relevant parameters. Then we discuss the corresponding phenomenologies, DM relic density, prediction of δN eff and the DM-DR scattering with late kinetic decoupling. Later, we show some numerical results on the matter power spectrum. Finally, we give our summary.
THE MODEL
We introduce a dark sector with a new U (1) dark gauge symmetry and coupling g X , dark photon field V µ , scalar Φ, massive fermion χ (DM) and massless ψ (DR). All these new fields are living in the dark sector, thereby being SM gauge singlets. We assign U (1) charges q f = 1, 2, 2 to χ, ψ, Φ, respectively. Then the general gauge invariant Lagrangian is
where N is the singlet right-handed (RH) neutrino which couples to the left-handed (LH) neutrinos in the SM through usual Yukawa terms, the superscript 'c' stands for charge conjugate, the covariant derivative is defined
Note that Φ does not develop a vacuum expectation value (VEV) and this new U (1) is a good symmetry. We could introduce a mass for V µ and possible gauge kinetic mixing term 1 , which however is not essential for our discussions, and which we shall come back to later.
Except for the Higgs and Yukawa terms, our model is very similar to the structure in standard model. Some simple variants of this model is equally suited for our interests in the paper. For example, Φ can be a singlet and couples as y χ Φχχ + y ψ Φψψ. In any case Φ is not stable and can decay into ψ, and ψ can be thermalized with χ, Φ and V µ through the Yukawa couplings with Φ.
We note that a similar setup was discussed in Ref. [10] , where the authors assumed q χ = 1 = q ψ , but did not consider possible Yukawa interactions between ψ with the Φ. Yukawa interaction among Φ and ψ can lead to thermalization of ψ at high temperature, which is different from thermalization mechanism at lower temperature through dark gauge interactions considered in Ref. [10] , and the resulting δN eff would be different.
Finally, the connection to the SM sector can be established in a straightforward manner through the Higgs portal term, 
(1).
Relic density: For thermal DM χ and m χ > m Φ , its relic abundance is mostly determined by the annihilation process χ +χ → Φ + Φ † . At tree-level approximation, we have the thermal cross section
and the total relic density of χ andχ would be
The value of y χ determined by Eq. (3) can be treated as the upper limit for y χ , since if there were other annihilation processes contributing to the depletion of χ particles, then y χ could be smaller. For instance, χ +χ → ψ +ψ can be important if y ψ > y χ . However, for our interests in this paper, the qualitative relation above between y χ and m χ would be sufficient, which means that for TeVscale χ it is expected to have y χ ∼ 0.7 to get the correct relic density. DM χ's self-scattering through exchanging Φ can be sizable if the mass of Φ (m Φ ) is small, which is the central topics in recent self-interacting dark matter scenarios, (see Refs. for examples). In general, for O(100GeV) DM χ, Φ with m Φ ∼ O(0.1GeV) would be able to provide large self-interaction to alleviate the socalled small scale problems, namely "cusp-vs-core" and "too-big-to-fail" [50] .
Dark radiation: V µ and ψ in the thermal bath with temperature T D will contribute as dark radiation by shifting the N eff with
where T ν is neutrino's temperature, T dec for the temperature at which dark sector is kinetically decoupled from standard model thermal bath, g * s counts the effective number of degrees of freedom (dof) for entropy density in standard model [51] , or particles that are in kinetic equilibrium with neutrinos, g D * s denotes the effective number of dof that are in kinetic equilibrium with V µ .
Note that ψ can be in thermal equilibrium with V µ and Φ at high temperature due to the Yukawa interactions because it can leads to an interacting rate Γ ψ ∝ g
Φ . However, the gauge interaction gives rise to Γ ψ ∝ g 2 X T and g X could be too small to keep ψ in equilibrium with V µ and Φ at high temperature, which results in a smaller δN eff as discussed in Ref. [10] .
The above formula, Eq. 4, is valid in general contexts. In the literature, the factor g 
which shows that g
. We can also get the temperature ratio for V µ to that of neutrino ν and photon γ,
where we have used T ν = (4/11) 1 3 T γ . Based on the above discussion, the total δN eff in our model is predicted to be around 0.5, which lies in the preferred range for δN eff 0.4−1 to resolving the conflict between Planck and HST data [2] . One prediction of our model is that δN eff > 0.21 which can be definitely either confirmed or excluded by next-generation CMB experiments.
χ-ψ (DM-DR) scattering: One of the key quantities for the structure formation is the elastic scattering cross section for χ+ψ → χ+ψ, which would modify the cosmological evolutions for χ and ψ's perturbations. More explicitly, similarly to the baryon-photon system [52] , the Euler equations for χ and ψ would be approximately modified
where dot means derivative over conformal time dτ ≡ dt/a ( a is the scale factor), θ ψ and θ χ are velocity divergences of radiation ψ and DM χ's, k is the comoving wave number, Ψ is the gravitational potential, δ ψ and σ ψ are the density perturbation and the anisotropic stress potential of ψ, and H ≡ȧ/a is the conformal Hubble parameter. Finally, the scattering rate and the density ratio are defined byμ = an χ σ χψ c and S = 3ρ χ /4ρ ψ , respectively. The averaged cross section σ χψ can be estimated from the squared matrix element for χψ → χψ:
where the Mandelstam variables are t = 2E 2 ψ (cos θ − 1) and s = m 2 χ + 2m χ E ψ , where θ is the scattering angle, and E ψ is the energy of incoming ψ in the rest frame of χ. Integrated with a temperature-dependent Fermi-Dirac distribution for E ψ , we find that σ χψ goes roughly as g
One key feature is that σ χψ is actually increasing as the universe is expanding, which provides a mechanism to affect the matter power spectrum (k 0.1h/Mpc). And due to the temperature dependences of H/a ∼ T 2 at radiation-dominant era, H/a ∼ T 3/2 in matter-dominant era and S −1μ /a ∼ T 2 , the last term in Eq. 7 could be equally important as Hθ χ and affect all those scales that enter horizon during radiation-dominant epoch. This is achieved because of the massless mediator, the dark photon. In the previous studies, only the cases for σ χψ ∝ T 2 or σ χψ ∝ constant have been widely investigated [14, 15, 53] , which would only affect matter power spectrum at small scales. More interestingly, the mediator can also be the scattered radiation for non-abelian gauge boson [10] or scalar [37] , which can have very different temperature dependence and change even large scale structures (see also Refs. [47, 48] for general discussions).
The elastic scattering of χ + V µ → χ + V µ , which is similar to Compton scattering e − + γ → e − + γ, is highly suppressed as its cross section is proportional to g ψ for χ-ψ scattering. Unless m χ is relatively light, say around MeV scale, χ-V µ scattering can be neglected through our discussion of late universe.
NUMERICAL RESULTS
We have modified the public Boltzmann code CLASS [54] and implemented the above equations, Eqs. (7) and (8) . We treat dark radiation ψ as perfect fluid with anisotropic stress σ ψ = 0 since ψ's selfinteraction rate ∼ g 4 T is much larger than H at the low temperature we are interested in. The modification of θ χ 's evolution has an impact on χ's density perturbation throughδ
where Φ is the scalar perturbation in the metric within conformal Newtonian gauge. We shall show that the interaction between DM and DR cause suppression in the matter power spectrum through diffusion damping [55] [56] [57] .
We illustrate the physical effect in Fig. 1 . The upper panel shows the matter power spectrum P (k), solid (dashed) line for ΛCDM (interacting DM) case, and the lower panel shows the ratio. We have chosen m χ 100GeV and g 2 X
10
−8 . It can be clearly seen that the matter power spectrum is suppressed, therefore gives a smaller σ 8 . For the parameters we used, the suppression is about 10% at k h/8Mpc, enough for relaxing the tension between Planck and weak lensing data. Unlike the scenarios [14] [15] [16] 58] where DM-DR scattering σ χψ has positive-power dependence on the temperature, this model has negative-power dependence and predicts smooth suppression.
We take the central values of six parameters of ΛCDM from Planck 
which gives σ 8 = 0.817 in vanilla ΛCDM cosmology. With the same input as above, now we take δN eff 0.53, m χ 100GeV and g 2 X
−8 in the interacting DM case, we have σ 8 0.744 which is much closer to the value σ 8 0.730 given by weak lensing survey CFHTLenS [3] .
Dedicated analysis with Markov Chain Monte Carlo for statistical inference of the precise parameters is beyond our scope in this paper. However, we can understand the physics of collisional damping and roughly estimate the size of g X by comparing H and S −1μ in Eq. (7),
where the Hubble parameter H is given by T 2 /M pl (M pl 10 18 GeV) in radiation-dominant era. Requiring the above inequality hold until matter-dominant time, we can obtain
Since T γ /T D ∼ 2 as shown in Eq. (6), we would have g 
−8 . The black solid lines are for ΛCDM and the blue dashed lines for interacting DM-DR case. We can easily see that P (k) is suppressed for modes that enter horizon at radiation-dominant era.
increasing DM mass m χ or deceasing DR temperature T D would require large g X .
From the above discussions, it is also clear that the new gauge boson V µ does not have to be strictly massless. As long as its mass is much smaller than temperature T D around radiation-matter equality time, say m V 0.1eV, our above discussions still hold. This can be easily achieved if the scalar Φ develops nonzero but tiny VEV, or if the dark photon gets massive by nonzero VEV of another U (1) X -charged scalar with U (1) X charge different from Φ's. There might be a slight change since V µ then would decay into ψ pairs and modify the number of ψ in Eq. (12) . Also the roles played by scalar and vector can be interchanged, namely scalar mediates DM-DR interaction and vector is responsible for the relic density.
Likewise the fermionic DR ψ needs not be strictly massless, and could get tiny mass 0.1eV to be still relativistic around the radiation-matter equality time. Then it would behave as a light sterile neutrino with dark interaction, which is still allowed by astrophysics or cosmology as long as the mixing with active neutrinos is small enough. DR can also be bosonic, see Refs. [10, 37, 59] for scalar and vector boson as examples.
The above mechanism can work for other DM-DR models as well. For example, dark matter can be a complex scalar X rather than a Dirac fermion. Here we present a local Z 3 scalar DM model originating from dark U (1) X gauge symmetry [13, 60] , in which the dark Higgs φ X has a dark charge 3 while DM X has a dark charge 1. Then the renormalizable Lagrangian involving these new fields is given by
where the scalar potential V is given by
where H is the SM Higgs doublet. After φ X gets a small VEV, we have a cubic term X 3 with Z 3 symmetry which protects X's stability even in the presence of nonrenormalizable higher dimensional operators. X-ψ's scattering and other effects are similar to what we discussed above, except that now new Higgs-portal term can provide direct detection signals.
DISCUSSION
Besides the thermal history and δN eff , let us know now discuss some other differences from the U (1) scenario sketched briefly in Ref. [10] which is actually mostly devoted to electroweak-charged DM with hidden nonAbelian gauge interaction. Based on what we understand from Ref. [10] , we list some differences below:
1. The Dirac DM candidate in Ref. [10] is a chiral fermion, so it is necessary to introduce other chiral fermions to cancel the gauge anomalies. It then can be interpreted that the model presented in Ref. [10] is an effective theory. In our proposal, however, the DM candidate is vector-like, so the theory is automatically anomaly-free and therefore can be an ultraviolet complete model.
2. Due to the electroweak interaction of DM particle in Ref. [10] , the indirect searches also actually put stringent constraints on the mass of DM O(TeV) due to the gamma-rays from the annihilation of DM into electroweak bosons. While in our model, the dominant channel is χ +χ → Φ + Φ † , followed by Φ's decay into dark radiation ψ and right-handed neutrino N . N can mix with and oscillate into left-handed neutrino ν a . Since the current constraint from IceCube neutrino searches is much weaker than gamma-ray's limit, the range of DM's mass in our model can be significantly larger.
3. One more difference is about exotic decay of SM Higgs h. If the scalar Φ's mass in our model is less than M h /2 62.5GeV, the SM Higgs boson h can decay into Φ + Φ † and give invisible decay channel of h. The current limit can actually constrain λ ΦH 10 −3 . While in Ref. [10] , no invisible decay channel is expected.
SUMMARY
In this paper, we have investigated a model for a dark sector where dark matter (DM) interacts with fermionic dark radiation (DR) through a light gauge boson (dark photon) in order to resolve some tensions in cosmological data. The new light gauge boson (dark photon) plays a key role both in the DM-DR elastic scattering and in the late kinetic decoupling. This simple model can provide the right amount of DR (δN eff ∼ 0.5), thereby resolving the tension in Hubble constant H 0 between Planck and HST data. Also the elastic scattering between DM and DR causes the collisional damping and has impact on the structure growth rate, which leads to a smaller σ 8 and relaxes the conflicts between Planck and weak lensing measurement. Finally the light fermionic DR ψ can be interpreted as a sterile neutrino in some models. And all these niceties rely on the underlying local dark gauge symmetry.
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